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ABSTRACT
We report on observations of GRB 080503, a short gamma-ray burst with very bright extended
emission (about 30 times the gamma-ray fluence of the initial spike) in conjunction with a thorough
comparison to other short Swift events. In spite of the prompt-emission brightness, however, the
optical counterpart is extraordinarily faint, never exceeding 25 mag in deep observations starting at ∼1
hr after the BAT trigger. The optical brightness peaks at ∼ 1 day and then falls sharply in a manner
similar to the predictions of Li & Paczyn´ski (1998) for supernova-like emission following compact-
binary mergers. However, a shallow spectral index and similar evolution in X-rays inferred from
Chandra observations are more consistent with an afterglow interpretation. The extreme faintness
of this probable afterglow relative to the bright gamma-ray emission argues for a very low-density
medium surrounding the burst (a “naked” GRB), consistent with the lack of a coincident host galaxy
down to 28.5 mag in deep Hubble Space Telescope imaging. The late optical and X-ray peak could be
explained by a slightly off-axis jet or by a refreshed shock. Our observations reinforce the notion that
short gamma-ray bursts generally occur outside regions of active star formation, but demonstrate that
in some cases the luminosity of the extended prompt emission can greatly exceed that of the short
spike, which may constrain theoretical interpretation of this class of events. This extended emission
is not the onset of an afterglow, and its relative brightness is probably either a viewing-angle effect
or intrinsic to the central engine itself. Because most previous BAT short bursts without observed
extended emission are too faint for this signature to have been detectable even if it were present at
typical level, conclusions based solely on the observed presence or absence of extended emission in the
existing Swift sample are premature.
Subject headings: gamma rays: bursts — gamma-ray bursts: individual: 080503
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Despite significant progress since the launch of the
Swift satellite (Gehrels et al. 2004), the origin of short-
duration, hard-spectrum gamma-ray bursts (SGRBs) re-
mains elusive. Evidence has been available since the
early 1990s that SGRBs constitute a separate class
from longer GRBs on the basis of a bimodal dis-
tribution in duration (Mazets et al. 1981; Norris et al.
1984) and spectral hardness (Kouveliotou et al. 1993).
The supposition that this phenomenological divide is
symptomatic of a true physical difference in the ori-
gin of the events was supported by the first success-
ful localizations of SGRB afterglows with the Swift X-
ray telescope (Burrows et al. 2005) coincident with or
apparently very near low-redshift (z < 0.5) galax-
ies (Gehrels et al. 2005; Fox et al. 2005). Several of
these galaxies clearly lack significant recent star forma-
tion (e.g., Prochaska et al. 2006; Gorosabel et al. 2006;
Berger et al. 2005), many events appeared at large off-
set from the candidate host (Bloom et al. 2006, 2007;
Stratta et al. 2007), and in some cases the appearance
of a bright supernova was definitively ruled out (e.g.,
Hjorth et al. 2005a). All of these circumstantial clues
seem to suggest (Lee & Ramirez-Ruiz 2007; Nakar 2007)
a progenitor very different from the one responsible for
long-duration GRBs (LGRBs), which are predominately
due to the deaths of massive stars (see Woosley & Bloom
2006 for a review).
The generally favored interpretation of SGRBs is
2the merger of two highly compact degenerate ob-
jects: two neutron stars (NS–NS, Eichler et al. 1989;
Meszaros & Rees 1992; Narayan et al. 1992) or a neu-
tron star and a black hole (NS–BH, Paczynski
1991; Narayan et al. 1992; Mochkovitch et al. 1993;
Kluzniak & Lee 1998; Janka et al. 1999). However,
other progenitor models (e.g., MacFadyen et al. 2005;
Metzger et al. 2008a) can also be associated with
galaxies having low star-formation rates (SFRs), and
many SGRBs have also been associated with rela-
tively low-luminosity, high-SFR galaxies (Fox et al. 2005;
Hjorth et al. 2005b; Covino et al. 2006; Levan et al.
2006) and at much higher redshifts (Berger et al. 2007;
Cenko et al. 2008) than the better-known elliptical hosts
of the first few well-localized SGRBs 050509B and
050724. (A review of SGRB progenitor models is given
by Lee & Ramirez-Ruiz 2007.)
In addition, even the conventional distinction be-
tween SGRBs and LGRBs has been called into ques-
tion by some recent events which poorly conform to
the traditional classification scheme. A large number
of Swift events which initially appeared to be “short”
(based only on the analysis of the first, most intense
pulse) were then followed by an additional episode of
long-lasting emission with a duration of up to 100 s or
longer. GRB 050724, which unambiguously occurred
in an elliptical host, is a member of this class, creat-
ing a breakdown in the use of duration (in particular
T90, Kouveliotou et al. 1993) as a classification criterion.
To further complicate the picture, long GRB 060614 ex-
ploded in a very low-SFR dwarf galaxy at z = 0.125 and
despite an intensive follow-up campaign showed no evi-
dence for a supernova, even if extremely underluminous
(MV > −12.3, Gal-Yam et al. 2006). Similar confusion
clouds the physical origin of GRB 060505, which is of
long duration (T90 = 4 ± 1 s) and occurred in a star-
forming region of a spiral galaxy (Tho¨ne et al. 2008),
but also lacked supernova emission to very deep limits
(Fynbo et al. 2006). Two earlier bursts, XRF 040701
(Soderberg et al. 2005) and GRB 051109B (Perley et al.
2006), may constitute additional examples of this sub-
class, though available limits in each case are much shal-
lower and the alternate possibility of host-galaxy extinc-
tion is poorly constrained compared to the 2006 events.
On the basis of these results and others, Zhang et al.
(2007) have called for a new terminology for classifica-
tion that does not refer to “short” and “long” but rather
to Type I and Type II GRBs, in recognition of the fact
that duration alone is likely to be an imperfect proxy for
physical origin (see also Gehrels et al. 2006, Bloom et al.
2008, Kann et al. 2008).
The true “smoking gun” for the merger model, the de-
tection of gravitational waves, is unlikely to occur before
the completion of the next generation of gravity-wave
detectors, as the sensitivity of current detectors (LIGO,
Abbott 2004; and Virgo, Acernese 2004) is several orders
of magnitude below what would be necessary to detect
a merger at what appears to be a “typical” short GRB
redshift of 0.2–1.0 (Abbott 2008). However, degenerate-
merger models do offer additional observationally verifi-
able predictions.
First, merger progenitors are much older than massive
stars and can travel far from their birthsites, especially
if they are subject to kicks which in some cases could
eject the binary system progenitor from the host galaxy
entirely (Fryer et al. 1999; Bloom et al. 1999). Observa-
tionally, this should manifest itself in the form of large
angular offsets between the burst position and the host
galaxy or even the lack of any observable host at all. Such
an trend has indeed been noted for many events (e.g.,
Prochaska et al. 2006). The second prediction, however,
has yet to be demonstrated: if some SGRBs explode in
galactic halos, then the extremely low associated inter-
stellar density will result in a much fainter afterglow as-
sociated with the external shock: a “naked” gamma-ray
burst. And while the afterglows of SGRBs tend to be
fainter in an absolute sense (Kann et al. 2008), relative to
the gamma-ray emission (on average, SGRBs have much
lower total fluences than long LGRBs) there appears to
be no obvious difference between SGRB and LGRB af-
terglows (Nysewander et al. 2008). Part of this may be
a selection effect, but the brightest SGRBs to date have
all been associated with bright afterglows and cannot be
“naked”.
Second, during the merger process, a significant
amount of neutron-rich ejecta (including ∼ 10−3M⊙ of
radioactive Ni, Metzger et al. 2008a) is believed to be
ejected at nonrelativistic velocities into interstellar space.
Nucleosynthesis in this matter and the resulting radioac-
tive decay would be expected to produce a relatively
long-lived optical counterpart, similar to ordinary su-
pernovae (Li & Paczyn´ski 1998). Unfortunately, the lu-
minosity of the transient is generally much lower and
the timescale of evolution is significantly faster than in
a classical supernova. Detection of this signature re-
mains one of the holy grails in the study of GRBs,
though deep early limits for some SGRBs have allowed
some limits to be set on the physical parameters of
this phenomenon (Bloom et al. 2006; Hjorth et al. 2005a;
Kann et al. 2008).
In this paper, we present results from our follow-up
campaign of GRB080503, which we argue in §2.1 is a
prominent example of the emerging subclass of SGRBs
with extended episodes of bright, long-lasting prompt
emission following the initial short spike. In §2.2–§2.7
we present additional space-based and ground-based ob-
servations of the event highlighting several extreme and
unusual features of this burst, including extreme opti-
cal faintness, a late light-curve peak, and a very deep
late-time limit on any coincident host galaxy. In §3 we
attempt to interpret the observed behavior in the con-
text of existing models of emission from GRB internal
shocks, an unusual afterglow, and from mini-SN light, ar-
guing that the latter is probably not a large contributor
at any epoch. Finally, in §4 we discuss the implications
of this event for GRB classification, and on the difficul-
ties faced by future searches for mini-SN light associated
with SGRBs.
2. OBSERVATIONS
2.1. BAT Analysis and High-Energy Classification
The Swift Burst Alert Telescope (BAT) detected
GRB080503 at 12:26:13 on 2008 May 3 (UT dates and
times are used throughout this paper). The GRB light
curve (Figure 1) is a classic example of a short GRB with
extended emission: a short, intense initial spike with a
duration of less than 1 s followed by a long episode of ex-
tended emission starting at ∼10 s and lasting for several
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Fig. 1.— The BAT light curve of GRB 080503 with 1 s binning
in the 15–150 keV band, with a 16 ms binning curve superposed
for the duration of the short spike near t = 0. The short spike
is also shown alone in the left inset. An extended, highly-binned
(10 s) light curve is shown in the right inset, demonstrating the
faint emission continuing until about 200 s.
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Fig. 2.— Duration-hardness plot for bursts detected by the
Swift BAT. Long bursts are shown in gray. Short bursts (T90 < 2
sec) are colored based on the presence or absence of extended emis-
sion: bursts without extended emission are shown in red, faint
bursts for which the presence of extended emission is poorly con-
strained are orange, and short bursts with observed extended-
emission (including GRBs 050911, 060614, and 051227, whose clas-
sifications are controversial) are plotted with the short spike (green)
shown separately from the extended emission (blue). The T90s and
hardness ratios measured for short-hard spikes in this population,
including GRB 080503, are generally consistent with those mea-
sured for short bursts without extended emission. GRBs 060614
and 051227 may be consistent with both classes, but are unusu-
ally long compared to any short burst without extended emis-
sion. The extended-emission components of all three events dis-
play similar hardness and duration as the extended components
of more traditional extended-emission events, which form a tight
cluster (GRB 050911 is an outlier). In general, however, the hard-
ness in the Swift channels is not a strong criterion for classification
(Sakamoto et al. 2006; Ohno et al. 2008).
minutes. The overall T90 for the entire event is 232 s.
Similar extended emission has been seen before in
many short bursts detected by both Swift and BATSE
(Figure 3). All such events to date have remarkably simi-
lar general morphologies. However, the fact that the long
component is so dominant in this case (factor of ∼30 in
total fluence) raises the question of whether this is truly
a “short” (or Type I) GRB and not an event more akin to
the traditional LGRBs (Type II) in disguise. To this end
we have reanalyzed the BAT data in detail and applied
additional diagnostics to further investigate the nature
of this event. We also downloaded and re-analyzed BAT
data from all other SGRBs (and candidate SGRBs) with
and without extended emission through the end of 2007.
A summary of the results of our analysis is presented in
Table 1.
The BAT data analysis was performed using the Swift
HEAsoft 6.5 software package. The burst pipeline script,
batgrbproduct, was used to process the BAT event data.
In addition to the script, we made separate spectra for
the initial peak and the extended emission interval by
batbinevt, applying batphasyserr to the PHA files.
Since the spectral interval of the extended emission in-
cludes the spacecraft slew period, we created the energy
response files for every 5 s period during the time inter-
val, and then weighted these energy response files by the
5 s count rates to create the averaged energy response.
The averaged energy response file was used for the spec-
tral analysis of the extended emission interval. Similar
methods were employed for previous Swift SGRBs.
For GRB 080503, the T90 durations of the initial short
spike and the total emission in the 15–150 keV band are
0.32 ± 0.07 s, and 232 s respectively. The peak flux of
the initial spike measured in a 484 ms time window is
(1.2 ± 0.2) × 10−7 erg cm−2 s−1. The hardness ratio
between the 50–100 keV and the 25–50 keV bands for
this initial spike is 1.2± 0.3, which is consistent with the
hardness of other Swift SGRBs, though it is also con-
sistent with the LGRB population. In Figure 2 we plot
the hardness and duration of GRB 080503 against other
Swift bursts, resolving this burst and other short events
with extended emission separately into the spike and the
extended tail. The properties of the initial spike of GRB
080503 match those of the initial spikes of other SGRBs
with extended emission (and are consistent with the pop-
ulation of short bursts lacking extended emission), while
the hardness and duration of the extended emission are
similar to that of this component in other short bursts.
The fluence of the extended emission measured from 5 s
to 140 s after the BAT trigger in the 15–150 keV band-
pass is (1.86± 0.14)× 10−6 erg cm−2. The ratio of this
value to the spike fluence is very large (∼30 in the 15–150
keV band), higher than that of any previous Swift short
(or possibly short) event including GRB 060614. It is
not, however, outside the range measured for BATSE
members of this class, which have measured count ratios
up to ∼40 (GRB 931222, Norris & Bonnell 2006). In Fig-
ure 4, we plot the fluences in the prompt versus extended
emission of all Swift SGRBs to date. BATSE bursts are
overplotted as solid gray triangles; HETE event GRB
050709 is shown as a star. The two properties appear
essentially uncorrelated, and the ratio has a wide disper-
sion in both directions. Although only two Swift events
populate the high extended-to-spike ratio portion of the
diagram (and the classification of GRB 060614 is con-
troversial), the difference in this ratio between these and
more typical events is only about a factor of 10, and the
intermediate region is populated by events from BATSE
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Fig. 3.— BAT 25–100 keV light curves of several different
Swift short bursts with high signal-to-noise (S/N) extended emis-
sion, including GRB 080503 (top left), showing the similar mor-
phology of these events. The 1 s binned curve is plotted as a black
line; a 5 s binning is plotted in solid gray to more clearly show the
longer-duration extended emission which for most events is near
the detection threshold. Possible short GRB 060614 is also shown;
it appears very similar to GRB 080503 except that the initial pulse
is significantly longer.
and HETE18, suggesting a continuum in this ratio across
what are otherwise similar events.
Lag analysis (Norris et al. 2000) has also been used as
a short-long diagnostic. For GRB 080503, the spectral
lag between the 50–100 keV and the 25–50 keV bands
using the light curves in the 16 ms binning is 1 ± 15
ms (1σ error), consistent with zero and characteristic of
short-hard GRBs. Unfortunately, the signal is too weak
to measure the spectral lag for the extended emission
which dominates the fluence. While lag can vary be-
tween pulses in a GRB (Hakkila et al. 2008) and short
pulses typically have short lags, even very short pulses
in canonical long GRBs have been observed to have non-
negligible lags (Norris & Bonnell 2006).
Based on all of these arguments, we associate GRB
080503 with the “short” (Type I) class. Regardless of
classification, however, the extremely faint afterglow of
this burst appears to be a unique feature. In fact, as
we will show, while the extremely low afterglow flux is
more reminiscent of SGRBs than LGRBs, relative to the
gamma-rays the afterglow is so faint that this event ap-
pears quite unlike any other well-studied member of ei-
ther population to date.
2.2. UVOT Observations
The Swift UV-Optical Telescope (UVOT) began obser-
vations of the field of GRB 080503 at 83 s after the
trigger, starting with a finding chart exposure in the
White filter at t = 85–184 s. No source is detected
within the XRT position to a limiting magnitude of>20.0
(Brown & Mao 2008). A sequence of filtered observa-
tions followed, and then additional White-band expo-
sures. The transient is not detected in any exposure.
Because of the deep Gemini data shortly thereafter, these
additional limits do not constrain the behavior of the op-
tical counterpart and are not reported or reanalyzed here.
18 However, the HETE fluence ratio is in a very different band-
pass, and the actual ratio may be significantly lower than the plot-
ted ratio
10−8 10−7 10−6
Fluence of initial spike (erg cm−2)
10−7
10−6
10−5
Fl
ue
nc
e 
of
 e
xt
en
de
d 
em
iss
io
n 
(er
g c
m−
2 )
EE
/sp
ike
 = 
0.3
EE
/sp
ike
 = 
1EE
/sp
ike
 = 
3E
E/s
pik
e =
 10EE
/sp
ike
 = 
30
050724
z = 0.258
051221A
z = 0.547
051227
z = 0.714
060313
061006
z = 0.438
061201
z = 0.111?
061210
z = 0.41?
070714B
z = 0.92
071227
z = 0.383
060614
z = 0.125
080503
921022
931222
050709
z = 0.16
Fig. 4.— Fluences of the short initial spike versus the long
extended-emission episode for SGRBs and candidate SGRBs. For
Swift bursts this is measured in the 15–150 keV band. For BATSE
bursts (diamonds) the values are calculated from the count rates in
Norris & Bonnell (2006) and fluences (20–100 keV) on the BATSE
website. HETE GRB 050709 (circle) is taken from Table 2 of
Villasenor et al. (2005) and is in the 2–25 keV band, which is sig-
nificantly softer than the Swift and BATSE bandpasses. In harder
bandpasses the extended emission is likely to be much fainter; this
point should therefore be treated as an upper limit. BATSE and
HETE short bursts without extended emission are not shown. Sev-
eral properties are worthy of note. First, the extended-to-prompt
ratio shows large variance, quite unlike the observed T90 values
and hardness ratios. Second, the large majority of Swift events
without extended emission are very faint bursts — the limits on
the extended counterpart are not strongly constraining, although
strongly extended emission-dominated events like GRB 080503 do
appear to be rare. Third, events with bright extended emission
have a wide range of short-spike fluence; the two values are not
correlated. Events with known redshift are labeled; no clear trends
with distance are evident.
A summary of the the subsequent UVOT observations is
given by Brown & Mao (2008).
2.3. Keck Observations
Shortly after the GRB trigger we slewed with the 10 m
Keck-I telescope (equipped with LRIS) to the GRB posi-
tion. After a spectroscopic integration on a point source
near the XRT position that turned out in later analysis
to be a faint star, we acquired (between 13:38:37 and
13:57:02) imaging in the B and R filters simultaneously.
Unfortunately, because the instrument had not been fo-
cused in imaging mode prior to the target of opportunity,
these images are of poorer quality and less constraining
than Gemini images (see below) taken at similar times.
The optical transient (OT) is not detected in either filter.
Magnitudes (calibrated using the Gemini-based calibra-
tion, §2.4) are reported in Table 2.
On May 8 we used long-slit (1′′ wide) spectroscopy
with LRIS (Oke et al. 1995) on Keck I to obtain spec-
tra of two relatively bright galaxies 13′′ SE of the after-
glow position. We calibrated the two-dimensional spec-
tra with standard arc and internal flat exposures. We
employed the 600 line mm−1 grism (blue camera) and
600 line mm−1 grating blazed at 10,000 A˚ (red camera).
5The data were processed with the LowRedux19 package
within XIDL20. Both objects show the same emission
lines, at common observed wavelengths of λobs ≈ 5821,
6778.8, 7592.2, 7745.6, and 7820 A˚. The latter two are
associated with the Hβ and [O III] λ5007 lines, respec-
tively, identifying this system to be at z = 0.561.
While the placement of the slit in the target-of-
opportunity spectroscopic on May 3 did not cover the
location of the transient, a third, serendipitous object
along the slit shows a single emission line at λobs ≈
6802.9 A˚ and a red continuum. We tentatively iden-
tify this feature as unresolved [O II] λ3727 emission
and estimate its redshift to be 0.8245. This source is
far (31′′) from the OT position, at α = 19.h06.m31.s.1,
δ = +68◦48′04′′.3.
2.4. Gemini Observations
We also initiated a series of imaging exposures using
GMOS on the Gemini-North telescope. The first image
was a single 180 s r-band exposure, beginning at 13:24,
58 min after the Swift trigger. We then cycled through
the g, r, i, and z filters with 5×180 s per filter. A second
g epoch was subsequently attempted, but the images are
shallow due to rapidly rising twilight sky brightness.
The following night (May 4) we requested a second,
longer series of images at the same position. Unexpect-
edly, the transient had actually brightened during the
intervening 24 hr, so we continued to observe the source
for several additional epochs. The next night (May 5),
we acquired r-band images (9×180 s), followed by a long
nod-and-shuffle spectroscopic integration, and concluded
with 4 × 180 s exposures in each of the g and i bands.
On May 6 and 7, we acquired long r-band imaging only
(14× 180 s on May 6 and 16× 180 s on May 7). Finally,
on May 8, we acquired a long K-band integration using
NIRI, nearly simultaneous with the HST observations
(§2.5) at the same epoch.
Optical imaging was reduced using standard tech-
niques via the Gemini IRAF package21. Magnitudes
were calculated using seeing-matched aperture photome-
try and calibrated using secondary standards. The stan-
dard star field SA 110 was observed on the nights of
May 3, May 4, May 5, and May 8; catalog magnitudes
(Landolt 1992) were converted to griz using the equa-
tions from Jester et al. (2005) and used to calibrate 23
stars close to the GRB position (Table 3).
In an attempt to measure or constrain the redshift
of GRB 080503, we obtained a nod-and-shuffle long-slit
spectroscopic integration of the positions of the optical
transient and the nearby faint galaxy S1 (Figure 6). Two
exposures of 1320 s each were obtained starting at 12:20
on 2008 May 05. Unfortunately, even after sky subtrac-
tion and binning, no clear trace is observed at the posi-
tion, and no line signatures are apparent. The redshift
of the event is therefore unconstrained, except by the
g-band photometric detection which imposes a limit of
approximately z < 4.
19 http://www.ucolick.org/∼xavier/LowRedux/index.html; de-
veloped by J. Hennawi, S. Burles, and J. X. Prochaska.
20 http://www.ucolick.org/∼xavier/IDL/index.html .
21 IRAF is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities for
Research in Astronomy (AURA) under cooperative agreement with
the National Science Foundation.
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We began near-infrared observations of GRB 080503
on 2008 May 08 at 12:46, roughly simultaneous with the
HST measurement (§2.5). All images were taken in the
Ks band with NIRI. We employed the standard Gemini-
N dither pattern for each of the 30 s exposures. In all, 92
images were taken yielding a total time on target of ∼1.5
hr. The data were reduced and the individual frames
were combined in the usual way using the “gemini” pack-
age within IRAF. There is no detection of a source at the
location of the optical transient. The nearby faint galax-
ies (S1 and S4) are also undetected. Calibrating relative
to the 2MASS catalog (excluding stars near the edge of
the image because NIRI is known to suffer from fringing),
we derive an upper limit of Ks > 22.47 mag (3σ).
All optical photometry, in conjunction with the space-
based measurements from Swift and Chandra, is plotted
in Figure 5.
2.5. Hubble Space Telescope Observations
Given the unusual nature of the afterglow, and the in-
dications of a Li-Paczyn´ski-like light curve in the first two
days, we proposed22 to observe the field of GRB 080503
with the Wide-Field Planetary Camera (WFPC2) on
HST. Filter changes, depth, and cadences were cho-
sen to confirm or refute the basic predictions of the
Li & Paczyn´ski (1998) model (see Fig. 11 and §3.4).
The localization region was observed in three epochs on
2008 May 8, May 12, and July 29. A set of F450W (1
orbit), F606W (2 orbits), and F814W (1 orbit) observa-
tions were obtained during the first visit, with F606W
(2 orbits) and F814W (2 orbits) in the second visit, and
finally a deep (4 orbit) observation in F606W in the third
visit. Observations were dithered (a 3-point line dither
for the first epoch of F450W and F814W, and a standard
4-point box for all other observations). The data were re-
duced in the standard fashion via multidrizzle, while
the pixel scale was retained at the native ∼ 0.1′′pixel−1.
At the location of the afterglow in our first-epoch
22 Program GO-DD 11551; PI Bloom.
6Fig. 6.— Ground-based and space-based images showing the evolution of the faint OT associated with GRB 080503. The transient
peaked at about t = 1 d, shown in an image from Gemini-North at left. Thereafter it faded rapidly and is barely detected in the first
HST epoch in F606W only. Later observations failed to reveal a galaxy coincident with the transient position. Two very faint nearby (but
non-coincident) galaxies are designated “S1” and “S4.”
F606W image we found a faint point source, with a mag-
nitude of F606W = 27.01 ± 0.20 after charge-transfer ef-
ficiency correction following Dolphin (2000). Our other
observations show no hint of any emission from the af-
terglow or any host galaxy directly at its position. We
derived limits on any object at the GRB position based
on the scatter in a large number (∼ 100) of blank aper-
tures placed randomly in the region of GRB 080503. The
limits for each frame are shown in Table 2. In addition,
a stacked frame of all our F814W observations yields
F814W > 27.3 mag. A combination of all but our first-
epoch F606W observations provides our deepest limit of
F606W > 28.5 mag (3σ), in a stacked image with expo-
sure time 13,200 s. Therefore any host galaxy underlying
GRB 080503 must be fainter than that reported for any
other short burst.
Although there is no galaxy directly at the GRB posi-
tion, there are faint galaxies close to this position which
are plausible hosts. In particular, our stacked image of
all the F606W observations shows a faint galaxy ∼ 0.8′′
from the afterglow position, with F606W(AB) = 27.3 ±
0.2 mag (designated “S4” in Figure 6). Although faint,
this galaxy is clearly extended, with its stellar field con-
tinuing to ∼0.3′′ from the GRB position. (It is plausible
that deeper observations or images in redder wavebands
may extend its disk further, but we have no evidence
that this is the case.) Additionally, there is a brighter
galaxy (“S1,” F606W ≈ 26.3 mag) ∼ 2′′ to the north
of the afterglow position, also visible in the Gemini im-
ages. Given the faintness of these galaxies and the mod-
erate offset from the afterglow position, the probability of
chance alignment is nontrivial (a few percent, following
Bloom et al. 2002), and we cannot make firm statements
about their association with GRB 080503.
The extremely deep limit on a host galaxy puts
GRB 080503 in very rare company. Among short
bursts, no comparably deep limit exists for any previ-
ous event except GRB 061201, although a study with
deep HST imaging of short-burst hosts has yet to be pub-
lished. However, ground-based searches for hosts of other
SGRBs with subarcsecond positions have identified coin-
cident host galaxies in 9 of 11 cases. The two exceptions
are GRB 061201 (Stratta et al. 2007) and GRB 070809
(Perley et al. 2008); both of these appear at relatively
small physical offset from nearby spirals which have been
Fig. 7.— The absolute magnitudes and redshifts for a sample of
both long (grey squares, from Fruchter et al. 2006) and short GRB
hosts. Bursts with extended emission are marked in green and
bursts without extended emission are red; orange denotes SGRBs
too faint for a strong limit on extended emission fluence to be in-
ferred. The two solid lines represent “host-less” SGRBs 061201
and 080503, and are extrapolated based on the observed limits.
Due to the poor wavelength sampling of many faint GRB hosts
the absolute magnitudes have been obtained assuming a flat spec-
trum K-correction MV = V − DM + 2.5 log(1 + z), where DM
is the distance modulus. We have assumed a ΛCDM cosmology
with ΩM = 0.27, ΩΛ = 0.73 and H0 = 72 km s
−1 Mpc−1. The
nondetection of a host for GRB 080503 implies either that it lies
at higher redshift than the majority of the SGRB population, that
it originates from a host which is much fainter than the median,
or that it has been ejected to a sufficient distance from its host
that it can no longer be firmly associated with it. Such deep lim-
its to hosts underlying GRBs are rare, with only a single LGRB
(020124, Berger et al. 2002) undetected in deep HST imaging (out
of a sample of ∼ 50), while two SGRBs (of roughly 15 with good
optical positions) are undetected to similar limits.
claimed as host candidates. Short GRB 070707 has a
coincident host with R = 27.3 mag (Piranomonte et al.
2008), about the same as the magnitude of the nearest
galaxy to the GRB 080503 OT position. In fact, even
compared to long bursts, the lack of host galaxy is un-
usual; only five events have host-galaxy measurements or
limits fainter than 28.5 mag.
There are two general possibilities to explain this ex-
treme faintness. First, GRB 080503 could be at high
7redshift (z > 3), or at moderately high redshift in a
very underluminous galaxy (at z ≈ 1, comparable to the
highest-z SGRBs detected to date, MB < −15 mag).
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A bright “short” GRB at very high redshift would im-
pose a much larger upper end of the luminosity distri-
bution of these events than is currently suspected. An
extremely underluminous host would also be surprising
under a model associating SGRBs with old stars, since
the bulk of the stellar mass at moderate redshifts is still
in relatively large galaxies (Faber et al. 2007).
Second, GRB 080503 could be at low redshift but
ejected a long distance from its host. To further exam-
ine this possibility, we have estimated the probabilities
(following Bloom et al. 2002) of a statistically significant
association with other bright galaxies in the field. A
rather faint spiral galaxy is located 13′′ SE of the af-
terglow position (J2000 coordinates α = 19.h06.m31.s.7,
δ = 68◦47′27′′.9; visible in the bottom-left corner of Fig-
ure 6) and has r = 21.7 mag and z = 0.561 (§2.3). The
probability that this is a coincidence is of order unity. We
also searched NED and DSS image plates for very bright
nearby galaxies outside the field. The nearby (D ≈ 5
Mpc) dwarf galaxy UGC 11411 is located at an offset of
1.5◦; again the chance of random association is of order
unity. There are no other nearby galaxies of note. While
a low probability of random association does not rule
out an association with one of these objects (a progeni-
tor that escapes its host-galaxy potential well and has a
sufficiently long merger time will be almost impossible to
associate with its true host), it prevents us from making
an association with any confidence.
2.6. Swift XRT analysis
The Swift X-ray telescope began observing
GRB 080503 starting ∼82 s after the burst, detecting
a bright X-ray counterpart. Observations continued
during the following hour and in several return visits.
The XRT data were reduced by procedures described
by Butler & Kocevski (2007b). The X-ray light curve,
scaled to match the optical at late times, is shown in
Figure 5. Despite the bright early afterglow, the flux de-
clined precipitously and no significant signal is detected
during the second through fourth orbits. A marginally
significant detection is, however, achieved during a longer
integration a day later.
The X-ray hardness ratio decreases, as does the 0.3–
10.0 keV count rate, during the course of the early ob-
servations (Figure 8a,b). Absorbed power-law fits to the
evolving spectrum are statistically acceptable (χ2/dof ≈
1) and yield a photon index Γ which increases smoothly
with time and an H-equivalent column density NH that
apparently rises and then falls in time (Figure 8c,d). This
unphysical NH variation is commonly observed in power-
law fits to the XRT emission following BAT GRBs and
XRT flares (see, e.g., Butler & Kocevski 2007a); it sug-
gests that the intrinsic spectrum, plotted on a log-log
scale, has time-dependent curvature. In fact, we find
that the combined BAT and XRT data are well fit by a
GRB model (Band et al. 1993) with constant high- and
23 GRB 080503 could also be at moderate redshift z = 1 − 3
in a moderately large but extremely dusty galaxy. Even then,
our K nondetection imposes strong constraints on the size of the
object, and the relatively blue g − r afterglow color suggests that
the environment of the GRB is not particularly dust-obscured.
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Fig. 8.— (a) The 0.3–10.0 keV X-ray flux measured by the XRT
declines rapidly following the bursts. (b) The ratio of counts in
the 1.3–10.0 keV to 0.3–1.3 keV bands also declines. (c,d) The
spectrum is well modelled by an absorbed power law, although
the effective column density NH appears to unphysically rise and
decline during the observations (see text).
low-energy photon indices and a time-decreasing break
energy that passes through the XRT band during the
observation.
The amount of physical column density that con-
tributes to the effective NH in Figure 8c can be estimated
at early or late times, when the effective NH is near its
minimum, or from the Band et al. (1993) GRB model
fits. We find NH = 5.5
+1.5
−0.9 × 10
20 cm−2, comparable to
the Galactic value of NH = 5.6 × 10
20 cm−2, indicating
that the host-galaxy hydrogen column is minimal.
2.7. Chandra X-Ray Observatory Observations
Under Director’s Discretionary Proposals 09508297
and 09508298, we conducted imaging using the Chan-
dra X-Ray Observatory ACIS-S on two occasions. Dur-
ing the first integration (2008-05-07 19:18:23 to 2008-
05-08 04:09:59) an X-ray source is detected at α =
19.h06.m28.s.76, δ = +68◦47′35′′.3 (J2000, 0.5′′ uncer-
tainty), consistent with the position of the optical af-
terglow. This source was not detected during the second
epoch (2008-05-25 18:11:36 to 2008-05-26 03:04:28), lim-
iting the decay rate to steeper than approximately t−1.6.
Minimizing the Cash (1976) statistic, we find the
Chandra spectrum to be acceptably fit by an absorbed
power law with β = 0.5 ± 0.5 and unabsorbed flux
FX = (1.5 ± 0.7) × 10
−14 ergs cm−2 s−1 (0.3–10 keV).
We assume Galactic absorption only.
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Fig. 9.— Decay index α versus spectral index β (+2) during the
rapid-decay phase of the external power-law. For a purely power-
law spectrum a closure relation α = 2 + β is predicted by the
high-latitude (curvature) model; this is approximately obeyed as
shown by the solid line. For more complicated spectra this relation
may not be obeyed exactly.
We attempted to use the photon arrival times to
constrain the temporal index (α) assuming power-law
brightening or fading behavior (Butler et al. 2005). The
exposure time is short compared to the time elapsed
since the GRB, precluding strong constraints. Although
the data do marginally favor brightening behavior (α =
−13± 7), in contrast to the well-established optical fad-
ing at this point, we do not consider this to be a strong
conclusion.
3. MODELING AND INTERPRETATION
3.1. The Origin of the Rapid Decay Phase
Immediately after the prompt emission subsides, the
X-ray light curve (Fig. 9) is observed to decline ex-
tremely rapidly (α = 2–4, where α is defined by Fν ∝
t−α), plummeting from a relatively bright early X-ray
flux to below the XRT detection threshold during the
first orbit. Although a similar rapid early decline is seen
in nearly all GRBs for which early-time X-ray data are
available (O’Brien et al. 2006), GRB 080503 probably
constitutes the most dramatic example of this on record:
the decline of ∼6.5 orders of magnitude from the peak
BAT flux is larger by a factor of ∼ 100 than observed for
the reportedly “naked” GRB 050421 (Godet et al. 2006)
and comparable to the decline of two other potentially
naked Swift events described by Vetere et al. (2008). The
lack of contamination of this phase of the GRB by any
other signature (X-ray flares or a standard afterglow)
affords an excellent test for models of this decay compo-
nent.
An afterglow interpretation can be ruled out almost
immediately. In addition to the difficulties faced by such
a model in explaining the very sharp decay index, contin-
uous spectral softening, and smooth connection with the
prompt emission (all of which are commonly observed in
the rapid decay phase of other GRBs), the early UVOT
White measurement (.220 µJy at 85–184 s) imposes a
limit on the X-ray to optical spectral slope of βOX < −0.5
(using the convention Fν ∝ ν
−β) that is very difficult to
explain as afterglow emission, but is consistent with the
low-energy tail of prompt-emission spectra.
While the origin of the rapid-decay phase observed
in most X-ray light curves is still not settled, the
most popular interpretation is high-latitude emission
(Kumar & Panaitescu 2000), also referred to as the cur-
vature effect. In this scenario, after the prompt emission
ends some photons still reach us from increasingly larger
angles relative to the line of sight (to the central source)
due to a longer path length induced by the curvature of
the (usually assumed to be quasi-spherical) emitting re-
gion (or shell). Such late photons correspond to a smaller
Doppler factor, resulting in a relation between the tem-
poral and spectral indexes, α = 2 + β, that holds at
late times (t − t0 ≫ ∆t) for each pulse in the prompt
light curve (of typical width ∆t and onset time t0) where
β = −d logFν/d log ν and α = −d logFν/d log(t − t0).
The total tail of the prompt emission is the sum of the
contributions from the different pulses. At the onset of
the rapid-decay phase the flux is usually dominated by
the tail of the last spike in the light curve, and therefore
can potentially be reasonably fit using a simple single-
pulse model with t0 set to near the onset of this last spike.
At later times the tails of earlier pulses can become dom-
inant. At sufficiently late times both t − t0 ≫ ∆t and
t ≫ t0 (i.e., t − t0 ≈ t) for all pulses, and the relation
α = 2+β is reached for t0 = 0 (i.e., setting the reference
time t0 to the GRB trigger time). In GRB 080503 the
large dynamic range enables us to probe this late regime;
as shown in Figure 9, which displays α versus 2 + β for
the rapid-decay phase using t0 = 0, the relation α = 2+β
roughly holds, as expected for high-latitude emission.
While the above discussion suggests that high-latitude
emission is a viable mechanism for the rapid-decay phase
in GRB 080503, a more careful analysis is called for,
especially since assuming an intrinsic power-law spec-
trum during the rapid-decay phase requires an unphys-
ical time-variable NH ; a better and more physical de-
scription is provided by using a fixed Galactic value for
NH and an intrinsic Band et al. (1993) spectrum whose
peak energy passes through the XRT range (see §2.6).
A more detailed analysis of this event (and others) in
the context of the high-latitude model and possible al-
ternatives using this model will be forthcoming in future
work.
3.2. Constraining the External Density from Lack of
Early Afterglow Emission
The faintness of the early afterglow is very striking.
Any afterglow emission for this event was unlikely to be
brighter than about ∼ 1 µJy at optical wavelengths and
10−2 µJy in X-rays at any time after about 1 hr (and
if the late afterglow peak were due to a non-afterglow
signature, a possibility we consider in §3.4, these limits
would be even more stringent.) Our early optical lim-
its are the deepest for any GRB on record at this epoch
(Kann et al. 2008). If the observed emission at t > 1 d is
due to a mini-SN or other process, the absence of an af-
terglow is even more notable. Figure 10 shows the X-ray
flux at 11 hr, FX(11 hr), and the fluence of the prompt γ-
ray emission, Sγ , for GRB 080503 together with a large
sample of both LGRBs and SGRBs (data taken from
Figure 4 of Nysewander et al. 2008, but modified slightly
as described in the caption.) GRB080503 immediately
stands out as a dramatic outlier, with an FX/Sγ several
9orders of magnitude below that of the general popula-
tion, indicating a poor conversion of the energy left in
the flow after the prompt gamma-ray emission into af-
terglow (emission from the external forward shock). A
natural explanation for this difference is a very low ex-
ternal density.
Using the upper limit on the X-ray flux, FX(11 hr) <
8.4 × 10−15 erg cm−2 s−1, and the measured fluence,
Sγ = (1.7 ± 0.1)× 10
−6 erg cm−2, we derive constraints
on the external density, n = n0 cm
−3. Following
Granot et al. (2006), it is convenient to use the X-ray
afterglow efficiency, ǫX(t) ≡ tLX(t)/Ek,iso(t). We can
relate the isotropic equivalent kinetic energy in the af-
terglow shock, Ek,iso, to the measured fluence by using
the ratio ηkγ ≡ Ek,iso/Eγ,iso, which is expected to be of
order unity. This gives
ǫX =
tFX(t)
ηkγSγ
, ǫX(t = 11 hr) < 8.0× 10
−5η−1kγ , (1)
where LX(t) in the definition of ǫX is interpreted here as
evaluated at t = 11 hr and an energy range of 2–10 keV
(converted from our reported 0.3–10 keV value assuming
β ≈ −1) in the observer frame. This makes it easier
to compare this value to the one derived from standard
afterglow theory, as is done next.
The value of βOX ≈ 0.7 suggests p ≈ 2.4 if the cooling
break frequency is above the X-rays, νc > νX , and a
smaller value of p if νc < νX . If νc < νX then for p ≈ 2.2
and ǫB ≪ ǫe (using eq. 7 of Granot et al. 2006),
ǫX(t = 11 hr; νc < νX)≈ 10
−3ǫ
p−3/2
e,−1 ǫ
p/4
B,−2E
(p−2)/4
k,iso,52 (2)
∼ 10−3ǫ0.7e,−1ǫ
0.55
B,−2E
0.05
k,iso,52 , (3)
where ǫe = 0.1ǫe,−1, ǫB = 0.01ǫB,−2, and Ek,iso =
1052Ek,iso,52 erg. There is no dependence on the exter-
nal density as long as νc < νX , and the dependence on
Ek,iso is extremely weak. It does have some dependence
on ǫe and ǫB. However, reproducing the value derived in
eq. (1) requires these shock microphysical parameters to
assume very low values – not out of the question but on
the low end of the values inferred from modeling of the
best-monitored GRB afterglows. This is assuming a rea-
sonable efficiency of the gamma-ray emission, ǫγ . 0.5,
leaving at least a comparable kinetic energy in the out-
flow that was transferred to the shocked external medium
before 11 hr, ηkγ ≈ (1 − ǫγ)/ǫγ & 1. For typical val-
ues of the shock microphysical parameters (ǫe ≈ 0.1 and
ǫB ≈ 0.01), eqs. (1) and (2) can be reconciled either if
νc(11 hr) ≫ νX (which as is shown below implies a very
low external density), or if 1− ǫγ ≈ ηkγ ≪ 1 (i.e., an ex-
tremely high gamma-ray efficiency that leaves very little
energy in the afterglow shock, compared to that emitted
in gamma-rays).
For a reasonable gamma-ray efficiency (ǫγ . 0.5) this
suggests that νc > νX . In this case the value of ǫX is
reduced by a factor of (νc/νX)
1/2 compared to its value
for νc < νX (that is given in eq. (2) for p ≈ 2.2) and is
smaller by a factor of ∼1.48 for p ≈ 2.4 (that is inferred
from the observed value of βOX for νc > νX). For a
νX ≈ 10
18 Hz (corresponding to ∼ 4 keV) this suggests
νc(11 hr) & 10
20 Hz, which in turn (using the expression
for νc from Granot & Sari 2002) implies
n . 5× 10−6E
−1/2
k,iso,52ǫ
−1
e,−1ǫ
−1/2
B,−2 cm
−3 . (4)
This dependence on the parameters is valid in the limit
of ǫB ≪ ǫe, where Y ≈ (ǫe/ǫB)
1/2 ≫ 1 and νc ∝
n−1E
−1/2
k,iso (1 + Y )
−2ǫ
−3/2
B ∝ n
−1E
−1/2
k,iso ǫ
−1
e ǫ
−1/2
B . There-
fore, the upper limit on the external density cannot easily
be increased by a large factor. This suggests a very low
external density compared to typical disk values (n ≈ 1
cm−3) or even a Galactic halo (n ≈ 10−3 cm−3, Basu
2003) but is of the same order as the intergalactic parti-
cle density (n ≈ 10−6 cm−3, Hinshaw et al. 2008). This
result therefore provides strong evidence that this explo-
sion occurred far outside any galaxy. (An intriguing al-
ternative to this, however, would be if the burst occurred
in a low-density pulsar cavity inflated by one of the NSs
in the precursor binary; Rosswog & Ramirez-Ruiz 2003.)
3.3. Afterglow Models: Why the Delay?
The counterpart rebrightened during the second night
of observations, rising again above detectability in both
the optical and X-ray bands. The optical is far better
constrained than the X-rays in this case: the rise is at
least 1.5 mag (a factor of ∼ 3) and peaks between 0.1
and 2 d after the event, though most likely the peak is
toward the end of this period as the optical observations
at 1–2 d are consistent with constant flux. Although the
faint afterglow and sparse observations preclude a careful
search for chromatic behavior, the X-ray emission shows
a broadly similar temporal behavior as the optical and is
consistent with being on the same segment of a power-
law spectrum (Fν ∝ ν
−β), with a very reasonable value
of the optical to X-ray spectral slope for GRB afterglows,
βOX ≈ 0.7. This suggests that they arise from the same
physical region, and probably also from the same emis-
sion mechanism (most likely synchrotron emission from
the forward external shock, i.e. the afterglow; we will
consider other models in §3.4).
A late peak (t ≈ 1 d) is unusual for an afterglow
but not unprecedented. Most such events are rebright-
enings and not global maxima. The most prominent
examples of this have been long bursts, though some
modest X-ray flaring has been observed in a few short
GRBs (Fox et al. 2005; Campana et al. 2006), and no-
tably the classification-challenged GRB 060614 had an
optical peak between 0.3–0.5 d. Without deep imaging
before our first Gemini exposure, we cannot constrain
the nature of an optical afterglow in the earliest phases
of GRB 080503. However, it is clear that since this be-
havior is consistent with that observed for at least some
previous GRB afterglows, the observed light curve, like
the SED, is consistent with an afterglow model. The
cause of this delayed peak, however, remains an open
question, which we will now turn our attention to.
The similar temporal behavior of the X-ray and optical
flux around the observed peak argues against a passage of
a spectral break frequency (e.g., the typical synchrotron
frequency νm passing through the optical) as the source
of the late time peak in the light curve, and in favor of a
hydrodynamic origin. One possibility for such a hydro-
dynamic origin is the deceleration time, tdec. However,
such a late deceleration time implies either an extremely
low initial Lorentz factor of the outflow, Γ0, or an unrea-
sonably low external density
n0≈
[
tdec
42(1 + z) s
]−3
Ek,iso,51
(
Γ0
100
)−8
(5)
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Fig. 10.— Comparison of the total gamma-ray fluence (15–150 keV) versus X-ray flux (0.2–10 keV) at 11 hr post-burst for all GRBs
with X-ray afterglows, based on Figure 4 and Tables 1–2 of Nysewander et al. (2008) supplemented with our own re-evaluation of the upper
limits on events without detections after ∼10 hr using the Swift XRT repository (Evans et al. 2007) and other primary references listed in
Nysewander et al. (2008). New SGRBs in 2008 have been added, along with the extremely bright GRB 080319B (Bloom et al. 2008). Long
bursts are shown in gray, short bursts without extended emission in red, faint short bursts with poor constraints on extended emission in
orange (as in Figure 2), and short bursts with extended emission (including the ambiguous GRB 060614) in green. Prominent events are
labeled. Almost all events with detections fall along an approximately linear relation indicating a roughly constant prompt-to-afterglow
ratio; most upper limits are not inconsistent with this. GRB 080503 (plotted as an upper limit, though the detection by Chandra at several
days after trigger suggests that the flux cannot be much less than this) is strongly discrepant compared to nearly all previous events.
GRB 970111 is the first burst for which rapid X-ray observations were conducted and its general faintness appears to be real (Feroci et al.
1998); however, based on the plot in the supplementary material of de Pasquale et al. (2006) the afterglow flux at 11 hr may be somewhat
underestimated.
≈ 10−10Ek,iso,51
(
Γ0
100
)−8
(6)
≈Ek,iso,51
(
Γ0
5.7
)−8
(7)
(see, e.g., Granot 2005; Lee et al. 2005a), where we have
used tdec/(1 + z) ≈ 1 d.
An initial Lorentz factor of Γ0 & 100 is typically re-
quired in order to overcome the compactness problem
for the prompt GRB emission. This would in turn im-
ply in our case an external density of n . 10−10 cm−3
that is unrealistically low, even for the the intergalactic
medium (IGM). An external density typical of the IGM,
nIGM ∼ 10
−6 cm−3 would require Γ0 ∼ 30. This may or
may not be a strong concern in this case: the constraints
on the high-energy spectrum of the extended-emission
component of short GRBs are not yet well-established24,
and it is not yet certain that existing compactness con-
24 Note, however, that EGRET has detected high-energy emis-
straints apply to this emission component, potentially al-
lowing a lower minimum Lorentz factor than is required
for SGRB initial spikes (Fermi has detected high energy
emission up to ∼ 3 GeV from the short GRB 081024B,
Omodei 2008) or for classical LGRBs.
An alternative hydrodynamic explanation for the late
peak is if the afterglow shock encounters a large and
sharp increase in the external density into which it is
propagating. However, it would be very hard to pro-
duce the required rise in the light curve up to the broad
peak due to a sudden jump in the external density
(Nakar & Granot 2007) unless a change in the micro-
physical parameters accompanies the sharp density dis-
continuity (as may occur inside a pulsar cavity inflated
by one of the NSs in the precursor binary.) Below we dis-
cuss other possible causes for such a broad and largely
sion including a ∼ 1 GeV photon (Sommer et al. 1994) in the
extended prompt emission (lasting ∼ 50 s) of the short (< 1 s)
GRB 930131 (Kouveliotou et al. 1994).
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achromatic peak in the afterglow light curve. The main
features these models need to explain are the extremely
low value of FX(11 hr)/Sγ and the late-time peak (a few
days) in the afterglow light curve.
Off-axis jet: The bulk of the kinetic energy in the af-
terglow shock might not be directed along our line of
sight, and could instead point somewhat away from us.
For such an off-axis viewing angle (relative to the re-
gion of bright afterglow emission, envisioned to be a jet
of initial half-opening angle θ0) the afterglow emission
is initially strongly beamed away from us (this can be
thought of as an extreme version of the “patchy shell”
model – Kumar & Piran 2000a; Nakar et al. 2003). As
the afterglow jet decelerates the beaming cone of its radi-
ation widens, until it eventually reaches our line of sight,
at which point the observed flux peaks and later de-
cays (Rees 1999; Dermer et al. 2000; Granot et al. 2002;
Ramirez-Ruiz et al. 2005). This interpretation can natu-
rally account for the dim early afterglow emission (with-
out necessarily implying an extremely low external den-
sity), as well as the rapid decay after the peak (if our
viewing angle from the jet axis is θobs & 2θ0). The pos-
sibility of a slightly off-axis jet is particularly intriguing
given the fact that the initial spike is much fainter rela-
tive to the extended emission in this event (and in GRB
060614, which also exhibits a late light curve peak) than
for most SGRBs; one may envision a unified short-burst
model in which the short-spike component of the prompt
emission is beamed more narrowly than the component
associated with the extended emission. However, since
a low circumstellar density is no longer needed, there is
no natural means of supressing the early afterglow that
should be created by the extended-emission associated
component, and producing the large ratio of the gamma-
ray fluence and early-time X-ray afterglow flux would
require that the gamma-ray emission along our line of
sight is bright and the gamma-ray efficiency is very large
(Eichler & Granot 2006). Regardless of whether the jet
is seen off-axis, there is good evidence that this GRB is
significantly collimated, with a decay index α > 2 at late
times (t > 3 d) in both the optical and X-ray bands.
Refreshed shock: A “refreshed shock”
(Kumar & Piran 2000b; Ramirez-Ruiz et al. 2001;
Granot et al. 2003) is a discrete shell of slow ejecta
that was produced during the prompt activity of the
source and catches up with the afterglow shock at a late
time (after it decelerates to a somewhat smaller Lorentz
factor than that of the shell), colliding with it from
behind and thus increasing its energy. This interpre-
tation also requires a very large gamma-ray efficiency,
(ǫγ & 95%) corresponding to ǫγ/(1 − ǫγ) ∼ η
−1
kγ & 30.
In this picture, the sharp decay after the peak (at least
as steep as ∼ t−2) requires that the collision occur after
the jet-break time.
The rather sparse afterglow data make it hard to dis-
tinguish between these options. Nevertheless, the overall
observed behavior can be reasonably explained as after-
glow emission in the context of existing models for after-
glow variability.
3.4. Constraints on a Mini-Supernova
Under any scenario, the absence of a bright afterglow
associated with GRB 080503, together with the late-
time optical rise, suggests that a substantial fraction of
this event’s energy may be coupled to trans- and non-
relativistic ejecta. Non-relativistic outflows from the cen-
tral engine are sufficiently dense to synthesize heavy iso-
topes, which may power transient emission via reheating
of the (adiabatically cooled) ejecta by radioactive decay
(Li & Paczyn´ski 1998). Since at most ∼ 0.1 M⊙ is ex-
pected to be ejected from any short GRB progenitor, the
outflow becomes optically thin earlier and traps a smaller
fraction of the decay energy than for a normal SN; these
“mini-SNe” therefore peak earlier and at fainter magni-
tudes than normal SNe.
Current observational limits (Bloom et al. 2006;
Hjorth et al. 2005a; Castro-Tirado et al. 2005;
Kann et al. 2008) indicate that any supernova-like
event accompanying an SGRB would have to be over
50 times fainter (at peak) than normal Type Ia SNe or
Type Ic hypernovae, 5 times fainter than the faintest
known SNe Ia or SNe Ic, and fainter than the faintest
known SNe II. These limits strongly constrain progenitor
models for SGRBs. Unless SGRBs are eventually found
to be accompanied by telltale emission features like
the SNe associated with LGRBs, the only definitive
understanding of the progenitors will come from possible
associations with gravitational wave or neutrino signals.
The most promising isotope to produce bright tran-
sient emission is 56Ni because its decay timescale of ∼ 6 d
is comparable to the timescale over which the outflow be-
comes optically thin. Compact object mergers, however,
are neutron rich and are not expected to produce large
quantities of Ni (Rosswog et al. 2003). Metzger et al.
(2008b) estimate that in the best cases only ≤ 10−3 M⊙
of Ni is produced by outflows from the accretion disk.
On the other hand, neutron-rich material may be dy-
namically ejected from a NS–NS or a NS–BH merger.
Its subsequent decompression may synthesize radioac-
tive elements through the r process, whose radioactive
decay could power an optical transient (Li & Paczyn´ski
1998). Material dynamically stripped from a star is vi-
olently ejected by tidal torques through the outer La-
grange point, removing energy and angular momentum
and forming a large tail. These tails are typically a few
thousand kilometers in size by the end of the disrup-
tion event. Some of the fluid (as much as a few hun-
dredths of a solar mass) in these flows is often gravi-
tationally unbound, and could, as originally envisaged
by Lattimer & Schramm (1976), undergo r-process nu-
cleosynthesis (Rosswog et al. 1999; Freiburghaus et al.
1999). The rest will eventually return to the vicinity
of the compact object, with possible interesting conse-
quences for SGRB late-time emission. A significant frac-
tion (∼ 10–50%) of the accretion disk that initially forms
from the merger will also be ejected in powerful winds
(Lee et al. 2005b) from the disk at late times; this ma-
terial is also neutron rich and will produce radioactive
isotopes (Metzger et al. 2008c).
In the case of GRB 080503, the amount (mass M)
of radioactive material synthesized in the accompanying
SGRB wind necessary to provide the observed luminosity
is constrained to be (M/M⊙)f ≈ (1.5−1.8)×10
−7 (z/1)2.
A larger uncertainty is the value of f , which is the frac-
tion of the rest mass of the radioactive material that is
converted to heat and radiated around the optical near
the peak of the light curve (∼ 1–2 d). Generally f . 10−4
since ∼ 10−3 of the rest mass is converted to gamma-rays
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during the radioactive decay, only part of the gamma-ray
energy is converted to heat (some gamma-rays escape
before depositing most of their energy), and only part
of mass in the synthesized radioactive elements decays
near the peak of the light curve (so that f can easily be
much less than 10−4, but it is hard for it to be higher
than this value). We note here that the most efficient
conversion of nuclear energy to the observable luminos-
ity is provided by the elements with a decay timescale
comparable to the timescale it takes the ejected debris
to become optically thin (tτ ). In reality, there is likely
to be a large number of nuclides with a very broad range
of decay timescales. Current observational limits thus
place interesting constraints on the abundances and the
lifetimes of the radioactive nuclides that form in the rapid
decompression of nuclear-density matter — they should
be either very short or very long when compared to tτ
so that radioactivity is inefficient in generating a high
luminosity.
In Figure 11 we show two light-curve models for a Ni-
powered mini-SN from GRB 080503 calculated accord-
ing to the model of Kulkarni (2005) and Metzger et al.
(2008b). Shown with asterisks and triangles are the r-
band and F606W band detections and upper limits from
Gemini and HST. The solid and dashed lines correspond
to a low-redshift (z = 0.03) and high-redshift (z = 0.5)
model, respectively. Qualitatively, both models appear
to be reasonably consistent with the flux light curve. To
reproduce the peak of the optical emission at t ≈ 1 d,
a total ejected mass of ∼ 0.1 M⊙ is required in either
model. In order to reproduce the peak flux, the Ni
mass required in the high- and low-redshift models is
MNi ≈ 0.3 M⊙ and 2 × 10
−3 M⊙, respectively. Since
the former is unphysically large in any SGRB progenitor
model, a high-redshift event appears inconsistent with a
mini-SN origin for the optical rise.
If GRB 080503 originates at very low redshift (z < 0.1),
a mini-SN model would still appear viable. However,
most mini-SN models also predict that the spectrum
should redden significantly with time and possess a neg-
ative spectral slope once the outflow becomes optically
thin after the peak at t ≈ 1 d; the HST detection in
F606W and non-detections in F814W and F450W at
5.35 d, however, suggest that the spectrum is approx-
imately flat at late times. While the detected opti-
cal emission may be attributed to a mini-SN type of
event, the expected spectrum in such a case is quasi-
thermal, resulting in no detectable emission in the X-
rays. (Rossi & Begelman 2008 have proposed a fallback
model in which X-rays can rebrighten days or weeks af-
ter the event, but the luminosity is extremely low, and
to explain the Chandra count rate a very close distance
of ∼ 8 Mpc would be required; while not excluded by our
data, this is orders of magnitude closer than any known
non-magnetar short gamma-ray burst.) Therefore, the
late X-ray detections a few days after the GRB are most
likely afterglow emission.
4. CONCLUSIONS
The very same faintness which makes GRB 080503
so remarkable unfortunately also makes it difficult to
strongly constrain various physical interpretations of this
event. However, the combination of the extremely low
limit on the afterglow-to-prompt fluence ratio shortly af-
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Fig. 11.— Two AB magnitude (Oke 1974) light-curve models for
a Ni-powered “mini-SN” from GRB 080503, based on the model
of Li & Paczyn´ski (1998), Kulkarni (2005), and Metzger et al.
(2008b). The solid line indicates a model at z = 0.03 with a 56Ni
mass ≈ 2×10−3 M⊙, total ejecta mass ≈ 0.4 M⊙, and outflow ve-
locity ≈ 0.1c. The dotted line is for a pure Ni explosion at z = 0.5
with mass ≈ 0.3 M⊙ and velocity ≈ 0.2c. Also shown are our
r-band and F606W detections and upper limits from Gemini and
HST.
ter the burst and the lack of a coincident host galaxy
provides strong evidence that this burst exploded in a
very low-density (possibly even intergalactic) medium.
This result has several important implications for the
nature of “short” bursts and of GRB classification in
general. For example, the interpretation of GRB 060614
(and whether it groups more naturally with canonical
“short” events like GRB 050724, canonical “long” events
like 080319B, or in a new class entirely on its own) is clar-
ified somewhat. GRB 060614, despite having a prompt-
extended light-curve morphology (as well as negligible lag
and no supernova to deep limits) was (like GRB 080503)
strongly dominated by extended emission but also had
a very long spike T90 (5.5 s), on the extreme end of
the short class. The initial pulse of GRB 080503 was
unambiguously short; furthermore, the faint afterglow
and lack of host galaxy both provide evidence that this
event occurred in an environment quite unlike those of
canonical “long” GRBs. The existence of an apparent
continuity between the appearance of the light curves of
GRB 060614 and GRB 080503 and more traditional short
bursts (in stark contrast to the bewildering diversity in
the structure of longer GRBs) suggests that they origi-
nate from the same or similar progenitors, in spite of the
apparent diversity in environments and redshifts. The
presence of bright extended emission in GRB 080503, and
the prompt-like behavior of its fading tail in the X-ray
band, is a counterexample to the inference that extended
emission is an environment- or progenitor-correlated phe-
nomenon (Troja et al. 2008). We note again that in
the vast majority of cases observed by Swift, we cannot
strongly constrain the presence of extended emission, and
in only two events are limits sufficiently deep to constrain
the extended-to-spike fluence ratio to less than the value
observed for GRB 070714B.
This same result, however, may pose difficulties to the
most popular model of short GRBs: NS–NS or NS–
BH merger events. The possibility that the luminos-
ity of the extended emission can exceed that of the ini-
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tial spike by factors of 30 or more is problematic for a
merger, in which the majority of the accretion disk is
expected to accrete within a viscous timescale — not
more than a few seconds (Rosswog 2007; Lee et al. 2004).
This may strengthen the case for alternative models,
such as accretion-induced collapse (Vietri & Stella 1999;
Katz & Canel 1996; MacFadyen et al. 2005). On the
other hand, the extremely low circumburst density is
much more consistent with a merger event with its pos-
sibility of a natal kick than models such as accretion-
induced collapse. One possible means of avoiding this
difficulty in a merger scenario (but which could also ap-
ply to other models) would be if, for GRB 080503 and
GRB 060614, the prompt spike were focused in a narrow
jet seen nearly off-axis while the extended emission were
more widely beamed. Such a scenario could occur in the
case of compact object mergers if the relativistic jet is
collimated by a neutrino-heated baryon wind from the
accretion disk at early times (Levinson & Eichler 2000;
Rosswog et al. 2003), but the collimating effect of the
wind become less effective at later times as the neutrino
flux and wind luminosity decreases.
The observed late peak in the optical light curve, which
we suspected initially may have been the signature of a
Li-Paczyn´ski supernova, is explained reasonably by other
models. The peak time of∼1 d is too long to be explained
by the deceleration timescale, even for a burst explod-
ing into the extremely low-density intergalactic medium,
unless the Lorentz factor associated with the extended
episode is also very low. However, an off-axis jet, or al-
ternatively a slower shell of ejecta that catches up with
the initially very weak afterglow shock and energizes it
(a “refreshed shock”), could produce a rebrightening and
a late peak. A rather similar late peak has been observed
before in several long bursts and in GRB 060614. Some
contribution to the afterglow from a mini-SN is not ruled
out but is not necessary to explain the available data.
Our failure to conclusively detect a mini-SN signature
may also have significant observational implications. In
spite of the “nakedness” of this event vastly suppressing
the late-time afterglow flux, any possible mini-SN that
may have been associated with this event was concealed
by the late-time afterglow. Similar events in a higher-
density environment (such as a galactic disk) will have
even brighter afterglows. If mini-SN phenomena exist
in nature, our observations suggest it will be extremely
difficult to detect them over the glow of the relativistic
shock created by the burst itself. Our best opportunity
is likely to lie in observationally and intrinsically faint
events like GRB 050509B, whose weak gamma-ray sig-
nal results from a low-energy flow insufficient to create a
bright afterglow even in a relatively dense medium, but
is bright enough for localization.
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TABLE 1
Prompt Emission Properties of Swift SGRBs and
Candidate SGRBs
GRB ambiguous? z SEE/Sspike
050509B N 0.2249 < 14.3
050724 N 0.258 2.64± 0.49
050813 N 0.722? < 3.64
050906 Ya - < 14.87
050911 Ybc 0.1646? 1.31± 0.43
050925 Yd - < 1.83
051105A N - < 8.06
051210 Yb 0.114? 2.72± 1.33
051221A Yb 0.5465 < 0.16
051227 Yb - 2.87± 0.677
060313 N - < 0.29
060502B N 0.287? < 3.45
060801 N 1.131? < 1.84
060614 Ybe 0.125 6.11± 0.25
061006 Yb 0.4377 1.75± 0.26
061201 N 0.111? < 0.71
061210 N 0.41? 2.81± 0.63
061217 N 0.827 < 3.81
070209 N - < 8.08
070429B N 0.904 < 2.44
070714B N 0.92 0.477± 0.163
070724A N 0.457 < 4.24
070729 N - < 2.16
070731 Yb - < 1.37
070809 Yb 0.219? < 1.37
070810B N - < 9.40
070923 N - < 5.96
071112B N - < 4.14
071227 Yb 0.383 1.56± 0.49f
080503 Ye - 32.41± 5.7
a SGR flare in IC 328?
b Spike T90 > 1 s.
c Extended-emission episode is of much shorter dura-
tion than in all other events.
d Soft event; in Galactic plane.
e Fluence dominated by extended emission.
f Significance of the extended emission is < 4σ.
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TABLE 2
Optical and Near-IR Observations of the Optical Counterpart of GRB 080503
tmid Exp. time filter magnitude λ flux (or limit) telescope
(day) (s) (A˚) (µJy)
0.00156 98 white > 20 3850 < 14.2 Swift UVOT
0.04083 180 r > 25.80 6290 < 0.204 Gemini-N GMOS
0.04916 800 g 26.76± 0.24 4858 0.0890± 0.0176 Gemini-N GMOS
0.06250 800 r > 26.80 6290 < 0.0811 Gemini-N GMOS
0.05125 300 B > 26.00 4458 < 0.209 Keck I LRIS
0.05458 630 R > 25.60 6588 < 0.208 Keck I LRIS
0.07583 800 i > 26.80 7706 < 0.0779 Gemini-N GMOS
0.09000 800 z > 26.00 9222 < 0.161 Gemini-N GMOS
0.10125 360 g > 24.60 4858 < 0.650 Gemini-N GMOS
1.08333 1800 r 25.48± 0.16 6290 0.273± 0.037 Gemini-N GMOS
1.97500 1620 r 25.65± 0.19 6290 0.234± 0.038 Gemini-N GMOS
2.09167 720 g 26.48± 0.26 4858 0.115± 0.024 Gemini-N GMOS
3.08333 2700 r 25.90± 0.31 6290 0.186± 0.046 Gemini-N GMOS
4.04583 2880 r 26.27± 0.23 6290 0.132± 0.025 Gemini-N GMOS
5.20833 2760 Ks > 22.47 21590 < 0.700 Gemini-N NIRI
5.35833 4600 F606W 27.01± 0.20 6000 0.067± 0.011 HST WFPC2
5.35833 2100 F450W > 26.9 4500 < 0.080 HST WFPC2
5.35833 2100 F814W > 26.8 8140 < 0.077 HST WFPC2
9.12917 4000 F814W > 27.1 6000 < 0.058 HST WFPC2
9.12917 4000 F606W > 28.0 6000 < 0.027 HST WFPC2
Note. — SDSS magnitudes are given in AB, while B and R are under the Vega system.
Ks is relative to the 2MASS system (Cohen et al. 2003). Flux values given are corrected for
foreground extinction (EB−V = 0.06, Schlegel et al. 1998) while magnitudes are uncorrected.
Limits are 3σ values.
TABLE 3
Magnitudes of Faint Secondary Standards in the GRB 080503 Field
RA dec g r i z B V R I
(hh:mm:ss) (dd:mm:ss) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag)
19:06:16.785 +68:46:41.39 19.890 18.677 18.116 17.611 20.496 19.185 18.363 17.562
19:06:27.931 +68:46:55.62 21.338 20.790 20.671 20.410 21.736 21.017 20.602 20.217
19:06:40.791 +68:47:14.20 20.894 20.412 20.324 20.103 21.272 20.612 20.235 19.881
19:06:47.096 +68:47:44.06 20.394 19.308 19.008 18.622 20.961 19.762 19.044 18.508
19:06:25.306 +68:48:47.91 18.552 17.882 17.776 17.457 18.988 18.161 17.685 17.313
19:06:31.664 +68:48:32.11 19.158 17.851 17.349 16.847 19.794 18.398 17.537 16.803
19:06:25.808 +68:47:18.09 21.583 20.428 20.040 19.625 22.171 20.911 20.145 19.524
19:06:33.303 +68:48:01.76 22.115 20.725 19.555 18.840 22.777 21.307 20.305 18.887
19:06:42.332 +68:48:05.17 18.885 18.453 18.412 18.187 19.247 18.632 18.287 17.974
19:06:26.337 +68:46:57.77 23.241 21.868 21.077 20.510 23.898 22.443 21.506 20.483
19:06:42.896 +68:48:08.70 21.778 21.238 21.066 20.696 22.174 21.462 21.043 20.585
19:06:38.937 +68:47:44.69 19.863 19.421 19.361 19.129 20.228 19.604 19.251 18.920
19:06:29.508 +68:47:49.97 23.138 21.832 20.560 19.793 23.774 22.379 21.405 19.870
19:06:39.266 +68:47:48.01 19.900 19.085 18.872 18.542 20.382 19.425 18.859 18.394
19:06:34.192 +68:46:35.61 19.806 19.179 19.040 18.756 20.229 19.440 18.981 18.579
19:06:33.173 +68:46:33.32 20.870 20.333 20.208 19.946 21.265 20.556 20.145 19.753
19:06:29.230 +68:46:10.00 22.166 20.792 19.444 18.661 22.823 21.368 20.348 18.741
19:06:29.556 +68:46:12.79 23.156 22.015 21.577 21.144 23.740 22.492 21.726 21.052
19:06:18.146 +68:47:56.94 23.169 21.896 21.373 20.906 23.794 22.429 21.582 20.831
19:06:29.343 +68:46:23.23 24.127 22.729 21.678 21.039 24.791 23.315 22.326 21.039
19:06:37.946 +68:48:28.37 24.313 23.088 21.740 20.917 24.923 23.601 22.657 21.030
19:06:30.838 +68:48:06.34 24.127 22.581 21.503 20.803 24.838 23.229 22.161 20.849
19:06:21.135 +68:48:18.82 24.853 23.538 22.316 21.578 25.491 24.089 23.118 21.637
Note. — Magnitudes of calibration stars in the field of GRB 080503 as measured using repeated
observations of the SA 110 field at varying airmasses over four photometric nights. Uncertainties in all
cases are dominated by color terms and are approximately 0.02–0.05 mag.
